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Abstract The key enzymes of the glyoxylate cycle, isocitrate 
lyase and malate synthase, have been detected in liver of food- 
starved rats. Activities became measurable 3 days and peaked 
5 days after the beginning of starvation. Both enzymes were 
found in the peroxisomal cell fraction after organelle fractiona- 
tion by isopycnic centrifugation. Isocitrate lyase was purified 
ll2-fold by ammonium sulfate precipitation, and chromotogra- 
phy on DEAE-cellulose and Toyopearl HW-65. The specific 
activity of the purified enzyme was 9.0 units per mg protein. The 
Km(isocitrate) was 68 Iz2VI and the pH optimum was at pH 7.4. 
Malate synthase was enriched 4-fold by ammonium sulfate 
precipitation. The enzyme had a Km(acetyl-CoA) of 0.2 [aM, a 
Km(glyoxylate) of 3 mM and a pH optimum of 7.6. 
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1. Introduction 
The glyoxylate cycle was originally discovered by Krebs and 
Kornberg [1] in bacteria growing on acetate. The cycle con- 
nects the metabolism of two-carbon compounds with gluco- 
neogenesis. Malate synthase and isocitrate lyase were recog- 
nized as pathway-specific enzyme activities while the 
remaining enzyme activities were in common with activities 
of the TCA cycle. The glyoxylate cycle was later also detected 
in germinating seeds of plants [2]. The function of the glyox- 
ylate cycle was recognized as part of the intensive fat-to-car- 
bohydrate interconversion during seed germination. Plants 
contain a full complement of glyoxylate cycle enzymes in 
the glyoxysomes, besides the enzymic sequence of [3-oxidation 
to yield acetyl-CoA from fatty acid degradation [3]. 
Glyoxylate cycle activities have also been discovered in 
some animal tissues such as larvae of nematodes, urinary 
bladder epithelium cell layer of Buffus marinus [4], and liver 
of chicken which, after suffering from vitamin D deficiency, 
was replenished with vitamin D [5]. In mammals, glyoxylate 
cycle activities have only been found in cartilage tissue of the 
epiphyseal growth plate of rats [6]. Other occurrences have 
not yet been reported, possibly because the proper conditions 
for the induction of such activites are unknown. 
Recently, however, it was observed in histological studies 
[7] that glycogen in rat liver first decreased upon food starva- 
tion and, thereafter, increased again. According to label in- 
corporation into radioactive fatty acids, Lebkova [8] proposed 
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a mechanism of secondary glycogen production, possibly by 
conversion of fat to carbohydrates. Although other reactions 
could also account for glycogen synthesis in the liver of 
starved rats, proof of the presence or absence of glyoxylate 
activities in liver of starved rats would be of prime interest 
because this would document he induction of the glyoxylate 
cycle in mammalian rat liver. Here, we report the discovery of 
the key enzymes of the glyoxylate cycle in liver of starved rats 
as support for the suggestion that prolonged food starvation 
leads to glycogen formation in liver. We have characterized 
the activities of partially purified malate synthase and isoci- 
trate lyase and demonstrate their compartmentalization n the 
peroxisomal cell fraction. 
2. Materials and methods 
3-month-old rats (Rattus rattus L.) were fed regularly and then 
transferred to food starvation and excessive water supply for up to 
7 days. Animals were anaesthetized with diethyl ether before decap- 
itation. 1 g of liver was excised and homogenized in 10 ml of 0.4 M 
sucrose, 50 mM Tris-HC1, pH 7.5, 1 mM MgC12, 1 mM dithiothreitol, 
and 1 mM EDTA using a mortar and pestle for preparation of crude 
homogenates. Centrifugation was at 4000xg for 5 min. The super- 
natant was used for enzyme assays. 
For preparation of cell organelles, 0.1% Triton X-100 was omitted 
from the grinding medium, 0.3 M sucrose being included instead. 
After the preliminary sedimentation of unruptured tissue fragments, 
nuclei, and cell debris, the supernatant was applied to a continuous 
sucrose gradient (25-57%) buffered with 50 mM Tris-HC1, pH 7.5, 
1 mM MgC12, 1 mM dithiothreitol, and 0.5 mM EDTA. Particles 
were centrifuged to equilibrium for 2.5 h at 100000Xg. 2-ml fractions 
were collected, diluted to 0.25 mM sucrose and centrifuged for 15 min 
at 20 000 x g. The pellets were resuspended, each in 50 mM Tris-HC1, 
pH 7.5, 1 mM MgC12, and 0.1% Triton X-100, and used for enzyme 
measurements. 
Enzyme assays were performed at 25°C and followed photometri- 
cally. Isocitrate lyase was determined according to the method of 
Dixon and Kornberg [9]. The assay mixture of 1 ml volume consisted 
of 50 mM Tris-HC1, pH 7.5, 0.5 mM isocitrate, 5 mM MgCI2, and 
4 mM phenylhydrazine-HCl. The reaction was followed at 324 nm. 
An extinction coefficient of 1.67× 10 4 M -i  cm -i was used. Malate 
synthase was measured according to Hock and Beevers [10]. The assay 
mixture consisted of 50 mM Tris-HC1, pH 7.6, 0.15 mM acetyl-CoA, 
2 mM glyoxylate, and 1 mM 5,5'-dithiobis(2-nitrobenzoic acid). The 
activity was followed at 412 nm. The extinction coefficient was 
1.36x 104 M x cm-1. Catalase was determined according to Breiden- 
bach et al. [11], succinate dehydrogenase, fumarase, and alcohol de- 
hydrogenase as described by Cooper and Beevers [12], and protein 
according to Lowry et al. [13]. One unit of activity was defined as 
the conversion of 1 ktmol of substrate per min. 
Isocitrate lyase was purified via the following procedure. Proteins of 
a crude extract (10 ml) were precipitated using ammonium sulfate 
(50-70% saturation), maintaining the pH at 7.5 with 0.1 M NaOH. 
Proteins were dissolved and desalted through a Sephadex G-25 col- 
umn (15 x 1 cm). A test with Nessler eagent was used to control the 
complete removal of ammonium sulfate. Finally, proteins were ap- 
plied to a DEAE-eellulose 52 (Whatman, UK) column (20x 2 cm) 
equilibrated with 10 mM Tris-HCl, pH 7.5. Proteins were eluted 
with a stepwise gradient, eluting first with 20 ml of 30 mM KC1 
and then with 40 mM KC1 in column buffer. Fractions with isocitrate 
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Fig. 1. Changes in the activities of isocitrate lyase (1) and malate 
synthase (2) in liver of starved rats. 
lyase activity were collected, dialyzed against column buffer, and ap- 
plied to gel chromatography on a Toyopearl HW-65 (Toyo-Soda, 
Japan) column (90x 2 cm) equilibrated with 25 mM Tris-HC1, pH 
7.5, 3 mM MgC12 1 mM EDTA, and 3 mM dithiothreitol. Elution 
was performed with the same buffer. Fractions with isocitrate lyase 
activity were used for enzyme characterization. 
Malate synthase was enriched by 0-20% ammonium sulfate frac- 
tionation and by desalting on a Sephadex G-25 column as described 
above. 
3. Results 
When isocitrate lyase and malate synthase were monitored 
in crude extracts of rat liver (Fig. 1), no activity was detect- 
able in non-starved animals. However, 3 days after food star- 
vation, the activity of both enzymes began to emerge and rose 
considerably, reaching a maximum at day 5. After 7 days, the 
experiments had to be discontinued because the animals be- 
came too unstable physically. The specific activity of isocitrate 
lyase and malate synthase in crude extracts of liver tissue was 
0.060 and 0.025 units/mg protein, respectively. 
In order to determine the intracellular localization of isoci- 
trate lyase and malate synthase in rat liver, isopycnic centri- 
fugation of a crude organelle xtract was performed and the 
activity of catalase as a marker for peroxisomes, of succinate 
dehydrogenase and fumarase as markers for mitochondria, 
and of alcohol dehydrogenase asa marker for the non-partic- 
ulate cell fraction was determined. Isocitrate lyase and malate 
synthase (Fig. 2) were confined to the fraction with the highest 
particulate catalase activity. Therefore, isocitrate lyase and 
malate synthase are located in the peroxisomes. 
Table 1 
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Fig. 2. Profile of isocitrate lyase and malate synthase and of marker 
enzyme activities for cell organelles eparated by isopycnic entrifu- 
gation in a sucrose gradient. 1, protein; 2, gradient density; 3, alco- 
hol dehydrogenase; 4, catalase; 5, fumarase; 6, isocitrate lyase; 7, 
malate synthase. 
For preliminary enzyme characterization, isocitrate lyase 
was purified l l2-fold by ammonium sulfate precipitation, 
ion-exchange chromatography on DEAE-cellulose, and gel 
chromatography on Toyopearl HW-65 (Table 1). The specific 
Purification step Activity (units) Protein (mg) Spec. act. (units/mg) Yield (%) Purification (-fold) 
Crude extract 24.3 304 0.08 100 1 
50-70% (NH4)2SO4 12.6 72 0.18 51.8 2.3 
DEAE-cellulose 6.5 2.1 3.1 26.7 38.8 
Toyopearl HW-65 2.7 0.3 9.0 11.1 12.5 
activity of the purified enzyme was 9.0 units per mg protein. 
Rat liver isocitrate lyase demonstrated Michaelis-Menten ki- 
netics with a Km(isocitrate) of 68 gM (Fig. 3) and a pro- 
nounced pH optimum at pH 7.4 (Fig. 4). ADP at a concen- 
tration of 1 mM activated isocitrate lyase by about 40%. 
Malate synthase was enriched 4-fold by ammonium sulfate 
precipitation with a yield of 48% and a specific activity of 
0.076 units per mg protein, however, the activity was lost 
during subsequent chromatography on DEAE-cellulose. The 
enzyme has a Km(acetyl-CoA) of 0.2 gM and a Km(glyoxylate) 
of 3.0 mM. The pH optimum was 7.6 (Fig. 4). 
4. Discussion 
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In the present investigation the key enzymes of the glyox- 
ylate cycle, isocitrate lyase and malate synthase, have been 
demonstrated in liver extracts of food-starved rats. To date, 
there has only been scarce evidence for the glyoxylate cycle in 
animals, except in larvae of lower invertebrates in which it 
serves for utilization of stored fats for gluconeogenesis during 
growth [14], in some detailed instances in vertebrates [4,5], 
and in cartilage tissue of the epiphyseal growth plate of rats 
[6]. The reason for the present finding was that we used 
starved rats and analyzed these enzymes in liver tissues. 
This tissue, together with food starvation, provides all phy- 
siological phenomena of the de novo synthesis of glycogen 
[7,8]. The time course of isocitrate lyase and malate synthase 
correlates perfectly with that of glycogen synthesis. As a con- 
sequence, the mechanism of glycogen synthesis upon food 
starvation should now be discussed in terms of carbon flow 
from acetyl-CoA. 
The properties of purified isocitrate lyase and malate 
synthase correspond to previously reported ata for these en- 
zymes from other sources, e.g. plants and microorganisms 
[15,16]. However, ADP stimulation has not been reported 
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Fig. 3. Enzyme kinetics of isocitrate lyase for isocitrate. 
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Fig. 4. pH dependence of purified isocitrate lyase (1) and malate 
synthase (2) from liver of starved rats. 
previously. It may correspond to the physiological significance 
of this phenomenon, as mobilization of fatty acids is necessary 
for supporting energy balance and carbohydrate l vels during 
starvation. The peroxisomal localization of isocitrate lyase 
and malate synthase in rat liver is usual because glyoxylate 
cycle enzymes have been detected in specialized microbodies 
(glyoxysomes) [3], and indications on other localizations are 
rare [17]. 
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